Protoplast fusion of Clostridium acetobutylicum P262 auxotrophs produced stable recombinants and segregating biparentals at frequencies of 0.3-2.0 % and 1-4-8.3 % respectively. Two novel classes of biparentals, partially-complementing and zero non-complementing, were observed.
I N T R O D U C T I O N
The lack of chromosomal gene transfer systems in obligate anaerobes has hampered genetic studies in these medically and industrially important bacteria. In order to develop a genetic system for the industrially important Clostridium acetobutylicum strain P262 (Jones et al., 1982) which produces acetone and butanol, we investigated protoplast fusion and report the isolation of chromosomal recombinants. Although plasmid transformation has recently been reported for the anaerobic pathogen Clostridium perjiingens (Heefner et af., 1984) , this is the first report of a chromosomal genetic recombination system in clostridia and the first report of protoplast fusion in an obligate anaerobe.
METHODS
Bucteriu, merliu und mutugenesis. C. ucetobutylicum strain P262 and its propagation in clostridial basal medium (complex medium) under stringent anaerobic conditions have been described previously (Allcock et al., 1982; Jones et ul., 1982) . The minimal medium was glucose/mineral salts/biotin medium (Holdeman er al., 1977) containing ammonium acetate (2.0 g 1-I) in the place of ammonium sulphate. Individual amino acids were added at a concentration of 20 pg mi-'. Two doubly-auxotrophic C. acetobutylicum P262 mutants (P262-1 Arg-Tyr-and P262-2 His-Met-) were isolated after mutagenesis with ethyl methanesulphonate (2.5%, v/v). The frequency of spontaneous reversion of the amino acid requiring mutants was less than Protoplust,fusiun. The methods used for the production and regeneration of protoplasts were those described previously by Allcock et al. (1982) except that the growth of cultures in medium containing glycine (0.2-0.4%, w/v) prior to protoplasting was omitted. Protoplasts (about 2 x 108ml-') were mixed before sedimenting by centrifugation at 1500g at 20 "C, and the pelleted protoplasts were gently resuspended in 1 ml polyethylene glycol (PEG) 4000 (40%, w/v) in isotonic buffer for 2-3min. Dilutions of the fused protoplasts were plated onto regeneration medium and incubated at 34 "C for 2 d. The protoplast regeneration frequency was calculated using the formula 100 x ( b -c)/a, where a is the colony count of the culture from which the protoplasts were prepared, b is the colony count of protoplasts on regeneration medium after dilution in isotonic buffer, and c is the colony count of the residual shock-resistant bacteria on regeneration medium after dilution in distilled water. Regenerated colonies were transferred onto diagnostic media and examined after 2 d. Potential recombinants, and colonies which segregated to produce progeny of both the parental types (biparentals), were subcultured in liquid medium and subcloned on diagnostic media.
RESULTS A N D DISCUSSION
Optimum protoplast production and regeneration were obtained with mid-exponential phase cultures and regeneration frqquencies in excess of 80% were routinely obtained with the Arg-Tyr-and His-Met-mutants. The frequency of regeneration in C. acetobutylicum P262 is considerably higher than that obtained with the only other clostridial strain investigated, (1983) . Although lactose (12.5 or 14%, w/v) affected the regeneration frequency of C. pasteurianum it had no effect on the regeneration of C. acetobutylicum P262 protoplasts. After mixed protoplast fusion of the two auxotrophic mutants, one of the parental types (Arg-Tyr-) exhibited a persistently higher regeneration frequency than the other parental type (His-Met-) ( Table 1) . Analysis of regenerated colonies after mixed protoplast fusion revealed the presence of stable parental colonies, stable recombinant colonies and segregating biparentals (Hotchkiss & Gabor, 1980) which gave rise to progeny of both parental types and carried both parental genomes. The frequencies of recombinants and biparentals varied between 0.3-2-0% and 1-4-8.3% respectively (Table 1) and are similar to those reported for Bacillus subtilis (Schaeffer et al., 1976; Gabor & Hotchkiss, 1979; Hotchkiss & Gabor, 1980; Guillen et al., 1982) and Bacillus megaterium (Fodor & Alfoldi, 1976) . Recombinants showing both increased and decreased amino acid requirements were obtained either directly from the diagnostic media after fusion and regeneration (early recombinants) or after subsequent subcloning and segregation of biparentals (late recombinants). The stability of the putative recombinants was confirmed by subcloning and recovery of the recombinant phenotype after a cycle of sporulation and outgrowth.
Recombinants and biparentals were only obtained after PEG-induced fusion involving mixtures of the auxotrophic protoplasts and were never obtained in any of the appropriate controls, which included : (i) regeneration of PEG-treated protoplasts of the individual parental types; (ii) plating of mixed-parental vegetative cell cultures after PEG treatment; and (iii) transformation experiments of calcium-treated and PEG-treated protoplasts with DNA isolated from the wild-type P262 strain. Biparental colonies were not mixtures of parental cells picked together from the regeneration plates since : (i) only well-separated colonies from high dilutions were sampled for subculturing; and (ii) colonies were subcloned after dispersal and growth in liquid medium, which eliminated the possibility of cross-feeding as a cause of the biparental trait.
The segregating biparentals were subdivided into prototrophic complementing biparentals, partially-complementing biparentals and non-complementing biparentals (Hotchkiss & Gabor, 1980) (Table 1 ). The non-complementing biparentals either exhibited the phenotype of one of the parental strains (single parent non-complementing biparentals), or expressed neither of the parental phenotypes (zero non-complementing biparentals). Although prototrophic complementing biparentals and single parent non-complementing biparentals have been observed in B. subtilis (Hotchkiss & Gabor, 1980; Guillen et al., 1982) , partially-complementing and zero noncomplementing biparentals have not been reported and are novel classes of biparentals. Analogous partially-complementing biparentals or incomplete merozygotes have been reported for Streptomyes after protoplast fusion (Hopwood, 198 1) . The zero non-complementing biparentals were the predominant type of non-complementing biparentals (0.9-4.2 %) and grew on complex medium but not on minimal medium supplemented with one to three of the amino acids arginine, tyrosine, histidine or methionine.
The stability of biparentals was investigated by subcloning after dispersal and growth in liquid medium to ensure the separation of adherent cells. The biparental trait was propagated with varying stability and all classes of biparentals segregated to produce parentals, stable recombinants and occasional biparentals which exhibited other phenotypes. The biparental trait was not retained after sporulation. Prototrophic complementing biparentals were the most stable biparentals and approximately 55 % of the colonies retained the biparental trait after subcloning. Between 30 and 40 % of the partially-complementing and non-complementing biparental cell lines retained the biparental trait after subcloning.
Studies on the nature of the diploid biparentals in B. subtilis (Hotchkiss & Gabor, 1980; Guillen et al., 1982) indicated that both parental genomes were present and replicated in the biparentals, but only one genome was phenotypically expressed. It was suggested that the lack of expression of the one genome was due to alterations in the tertiary structure of the DNA but not in the primary or secondary structure. It is concluded that the biparentals obtained with C. acetobutylicum P262 are also diploid since they showed : (i) segregation of both parental genomes during further growth; (ii) continued production of recombinants; and (iii) survival of both the segregating biparental nature and the ability to produce recombinants in some fraction of subclones obtained after additional growth (Hotchkiss & Gabor, 1980) . However, the presence of the additional two types of biparentals could indicate that the nature of the biparental intermediates may differ in some respects from those obtained after protoplast fusion in Bacillus strains.
The demonstration of protoplast fusion and the isolation of recombinants in C. acetobutylicurn P262 will enable fundamental chromosomal genetic mapping studies of this important industrial anaerobe. Furthermore, the development of protoplast fusion may facilitate interspecific gene and plasmid transfer in Clostridium.
